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Abstract

In June 2000, NASA launched the first of three next generation Tracking and Data Relay
Satellites (TDRS-H) equipped with a Ka-band forward and return service capability. This Ka-
band service supports forward data rates up to 25 Mb/sec using the 22.55 — 23.55 GHz space-to-
space allocation. Return services are supported via channel bandwidths of 225 and 650 MHz for
data rates up to 800 Mb/sec (QPSK) using the 25.25 — 27.5 GHz space-to-space allocation. As
part of NASA’s acceptance of the TDRS-H spacecraft, an extensive on-orbit calibration,
verification and characterization effort was performed to ensure that on-orbit spacecraft
performance is within specified limits. This process verified the compliance of the Ka-band
communications payload with all performance specifications and demonstrated an end-to-end
Ka-band service capability. This paper summarizes the results of the TDRS-H Ka-band
communications payload on-orbit performance verification and end-to-end service
characterization. Performance parameters addressed include Effective Isotropically Radiated
Power (EIRP), antenna Gain-to-System Noise Temperature (G/T), antenna gain pattern,
frequency tunability and accuracy, channel magnitude response, and Ka-band service Bit-Error-
Rate (BER) performance.

1.0 Introduction

NASA added the Ka-band capability to the newest generation of TDRSs in response to the need
for higher data rate communications and increasing congestion in the Ku-band. Since NASA has
only a secondary allocation for space-to-space links at Ku-band, operations have been on a non-
interfering basis. NASA holds a primary allocation at Ka-band for space-to-space links.

TDRS-H Ka-band services are provided through two 15-foot diameter Single Access (SA) reflector
antennas. TDRS-H has two 50 MHz channels capable of supporting two simultaneous Ka-band
forward services at data rates up to 25 Mb/sec. A forward service is defined as data transmitted
from the TDRSS to the Space Network (SN) User spacecraft. A summary of TDRS-H Ka-band
forward service specifications is given in Table 1.

TDRS-H has two 225 MHz return service channels capable of supporting two simultaneous Ka-
band return services at data rates up to 300 Mb/sec (QPSK). In lieu of one of the 225 MHz
channel, TDRS-H can provide a 650 MHz return service channel capable of supporting a Ka-
band return service at data rates up to 800 Mb/sec (utilizing QPSK; higher data rates are
achievable with a more bandwidth efficient modulation scheme). A return service is defined as
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data transmitted from the SN User spacecraft to TDRSS. A summary of TDRS-H Ka-band
return service specifications is given in Table 1.

Table 1. Summary of TDRS-H Ka-Band Service Specifications

T

Parameter Forward | Return
- . 1 + 22.5° East-West + 22.5° East-West
Field of View (autotrack mode) +31.0° North-South, Elliptical | +31.0° North-South, Elliptical
Carrier Frequenc 22 55 — 23.55 GHz, tunable in 5.0 |25.25 - 27.50 GHz, tunable in 25.0
q y L MHz steps MHz steps ]
Polarization L RHC and LHC, selectable RHC and LHC, selectable |
RF Channel Bandwidth L 50 MHz 225 MHz and 650 MHz
' 300 Mbps (225 MHz) @
Data Rate, max ) 25 Mbps 800 Mb/sec (650 MHz)? B
Required Received User Power )
(300 Mbps, uncoded, autotrack mode) NA 156.3 dBW B
EIRP (autotrack mode), max . 63 dBW - NA
G/T {autotrack mode), min o —{ NA 26.5 dB/K ]

1. TDRS-H has the capability to gimbal each SA antenna up to 77° outboard, in spacecraft body azimuth,
providing Extended Elliptical FOV (EEFOV) coverage. EEFOV performance data is not included in this paper.

2 Maximum data rate assumes QPSK; higher data rates are achievable with a more bandwidth efficient
modulation scheme.

3. The current TDRSS ground terminal can only support the 225 MHz channel. On-going ground terminal
modifications will enable support of the 650 MHz channel up to an IF interface.

All of the on-orbit payload and end-to-end test data presented in this paper was collected using
test equipment at the TDRSS ground terminal emulating a Ka-band SN User. Since this Ka-band
test equipment was provided by the contractor for testing purposes and is not part of the
operational ground terminal, its performance has not been well characterized. This performance
uncertainty of the Ka-band test equipment introduces some slight uncertainties in the test results
presented here. Other factors introducing uncertainty in the data include atmospheric conditions
during tests, test antenna pointing limitations, and system noise temperature variations.

It should also be noted that the majority of the results in this paper were collected with the
TDRS-H return service in autotrack mode. Autotrack mode 1s a closed-loop antenna pointing
mode that enables the TDRS-H spacecraft to point the Single Access (SA) antennas with a high
degree of accuracy, thereby, producing the maximum levels of EIRP and G/T in the direction of
interest. The TDRS-H spacecraft also supports an open-loop SA antenna pointing mode called
program track. This on-orbit test program successfully demonstrated very accurate and
repeatable antenna pointing of the SA high-gain,narrow beamwidth antennas at Ka-Band
frequencies.

2.0 Payload Performance Data

2.1 Forward Service EIRP

The TDRS-H on-orbit Ka-band forward service EIRP was determined by transmitting a Continuous
Wave (CW) signal, measuring the power of the resultant signal on the TDRS-H Ka-band space-to-
space link at the Ka-band test equipment, and using link budget calculations to estimate the EIRP.
This test was performed for both SA antennas configured for Left-Hand Circular Polarization
(LHCP) and Right Hand Circular Polarization (RHCP). Table 2 summarizes these on-orbit EIRP
measurement values.



Table 2. On-Orbit TDRS-H Ka-Band Forward Service EIRP Measurement Data®’

Service Configuration Performance | Requirement Margin
SA Antenna | Polarization (dBW) (dBW) (dB)
1 LHCP 70.2 7.2
| RHCP 66.1 63.0 31 |
5 ] LHCP 71.6 8.6
|  RHCP 69.9 6.9 |
Notes:

1.EIRP values collected using a 23050.0 MHz forward service carrier frequency.

Observations:

. Both SA antennas are fully compliant with the EIRP requirement.

. EIRP compliance strongly indicates antenna pointing performance design goals
have been met. Section 2.3 presents the antenna pointing design goals.

2.2 Return Service G/T

The TDRS-H on-orbit SA antenna autotrack G/T at Ka-band was determined by transmitting a CW
signal from the Ka-band test equipment to the TDRS-H spacecraft, measuring the ratio of the carrier
power to the average measured noise in the specified bandwidth of the TDRSS Ku-band space-to-
ground downlink channel, and using link budget calculations to estimate the G/T. This test was
performed for both SA antennas configured for LHCP and RHCP. Table 3 summarizes these on-
orbit G/T measurement values.

Table 3. On-Orbit TDRS-H SA Antenna Autotrack G/T at Ka-Band

Service Description
Carrier Performance | Requirement | Margin
Channel SA Antenna | Polarization | Frequency |  (dB/K) (dB/K) (dB)
(MHz) ;
] ~ LHCP 25253.4 268 .03 |
225 MHZ RHCP | 252534 27.0 05 |
5 LHCP 25253.4 28.6 S
| RHCP . 252534 266 | 26.5 | __61v
1 . LHCP | 263700 27.8 13
650 MHz LHCP 25695.0 28.3 18
2 LHCP 25695.0 30.0 7 35

Both SA antennas are fully compliant with the G/T requirement.
G/T compliance strongly indicates antenna pointing performance design goals met have been met. Section 2.3
presents the antenna pointing design goals.

2.3 Antenna Gain Pattern

The TDRS-H SA antenna is a 15 ft. diameter reflector antenna with a shaped Cassegrain
arrangement to illuminate the main reflector. During launch, the reflector is furled into a taco
shape. After launch, the reflector is released to spring back to its original shape. A mechanical
tuner has been integrated into the antenna to compensate for systematic distortion due to stowage
[1] if excessive distortions are observed during the on-orbit test phase.

The TDRS-H SA antenna uses a tri-band feed (S, Ku and Ka-band) with the Ka-band feed
Jocated near the focal point of the reflector system since it is most sensitive to scan loss. The Ka-
band feed horn is a square aperture, corrugated horn that employs hybrid waveguide modes to
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produce a nearly cosine-cosine amplitude distribution in the horn aperture [2]. The Ka-band feed
uses a multi-mode coupler to produce the azimuth and elevation error signals. The magnitude
and phase of the azimuth and elevation error signals are used in the antenna autotrack algorithm;
the sum and error signals are processed at the ground terminal [1] in order to generate corrections
to the program track antenna pointing estimates.

Table 4 provides the Ka-band gain design objectives of the TDRS-H SA antenna. While TDRS-
H on-orbit testing did not directly measure SA antenna gain, estimates of the Ka-band gain can
be determined from the EIRP measurement data. Table 5 provides a summary of the estimated
on-orbit Ka-band gain performance of both TDRS-H SA antennas.

Table 4. TDRS-H SA Antenna Ka-Band Design Objectives

Parameter i Forward Return
Program Track

Coverage angle +0.114° +0.114°

Gain B 7 47.9 dBi 48 dBi
Program Track, LEO

Coverage angle +0.105° +0.102°

Gain 51.2 dBi 51.9 dBi
Autotrack

Coverage angle +0.073° . +0.045°

Gain i 54.2 dBi | 56.4 dBi

Table 5. On-Orbit TDRS-H SA Antenna Ka-Band Gain Estimates

| Service Configuration ] Desian
[ Carrier Perform;nce“) Obje ct?v o Margin
SA Antenna | Polarization | Frequency (dBi) (dBi) (dBi)
| (MH2)
1 [ LHCP | 23050.0 60.6 64
RHCP | 230500 565 | cup L 23
LHCP |  23050.0 62.0 ' ‘ 7.8
R e - — I
| RHCP_ | 23050.0 603 | 6.1

1. Gain estimates were derived from the EIRP measurement data. Due to the Uﬁéertainty o

associated with this derivation process, the results in this table should only be considered
estimates.

2. A design objective, not a specification. Specifications were levied on the TDRS-H spacecraft
EIRP and G/T. The TDRS-H spacecraft met all EIRP and G/T requirements.

As part of the on-orbit TDRS-H calibration, azimuth and elevation axis searches for the antenna
boresight were performed at Ka-band for each SA antenna. This boresight search yielded coarse
azimuth and elevation antenna gain patterns for the two SA antennas. Further refinement of the
boresight location was obtained during the autotrack calibration test phase. Figure 1 provides a
plot of the SA#2 on-orbit antenna gain azimuth sweep pattern. Figure 2 provides a plot of the
SA#2 on-orbit antenna gain elevation sweep pattern. It should be noted that this azimuth and
elevation data was collected before the SA antennas had fully relaxed. As the antennas relax,
higher gain and more sidelobe definition should result.

For comparison purposes, Figures 3 and 4 show azimuth and elevation slice gain patterns for
TDRS-H SA antenna #2 prior to furling for launch.



Figure 1. On-Orbit TDRS-H SA#2 Antenna Figure 2. On-Orbit TDRS-H SA#2 Antenna

. .
Azimuth Sweep Measurement Data Elevation Sweep Measurement Data
. e : | i |
.
,/ B N L - | N !
. e N ;
: o - S [ (AR - FR——
T S R i S - = K B
. ~ k ! i /
3 \ S . . g _ . -
H I R i / |
FepooT s - B N g ) S ' 4
% s : \‘_’»,.-— s o e ,\;‘ RSN B o l R -
g g | g P NS : b -
% as b e et Pt ot [ 1:— / - 1 ‘.‘.}
E i hd tNolns 1 3 = P L‘f
- *. Frsquency = 23.05 GHz ; Notes [
i . Polanzaton = LHC / - ;:aumcy = 23:2 GHz .
W e - .| Antenna poiniing brases removed by spacecraft software - — i - Polanzanon = L |
Il . Dala coltectad pnof 1o fuil raiaxaton of the antennas. s B E— Snum:l pm:‘;ms W!-'L r'mlovod by c:u;ctcr:ﬂ w"wa:'-
4 lexpected that the gain on boresighl increassd (reiativa to fhus piot) . Dala collected pror to hal relaxation of the antennas. Itis
20 wol-detred sGalobos om::?;nd s the antanna tuily retaxed lexpectad that Ihe gain on boresight mcreased {relative to tus piot)
. . T ] _ [ ] land wall-dalred sidsiobas smerged as the antenna tully relaxed
25 - 3 S—— T
325 28 518 Q08 [} 18 s 138 535 L2y 315 0 ER a5 28 538
Angle Relative to Commandad Pointing Angle (degress}

o s
Angle Relative to Commanded Pointing Angle (Gegress}

Figure 3. TDRS-H SA Antenna #2 Azimuth Figure 4. TDRS-H SA Antenna #2 Elevation
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2.4 Frequency Tunability and Accuracy

To provide service at Ka-band. accurate and stable Local Oscillator (LO) frequencies must be
maintained on the spacecraft. For TDRS-H, a combination of frequency converters and LOs are
required to translate the Ku-band uplink frequency to the Ka-band space-to-space forward
service frequency. Similarly, TDRS-H equipment translates the customer spacecraft space-to-

space link Ka-band signal to Ku-band for the downlink to NASA’s ground stations at the White
Sands Complex (WSC).

To demonstrate the frequency tunability of the TDRS-H spacecraft on-orbit, the spacecraft was
configured to provide forward service at 22555.0 MHz, 22565.0 MHz, 23050.0 MHz and
23545.0 MHz and configured to provide return service at 25253.4 MHz, 25595.0 MHz, 26370.0
MHz, 26378.4 MHz, 27195.0 MHz and 27478.4 MHz. The frequency accuracy was measured
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and a selection of forward and return service worst-case frequency accuracy results are provided
in Tables 6 and 7.

Table 6. On-Orbit TDRS-H Ka-Band Forward Service Frequency
Accuracy Measurement Data

Service Configuration Performance” | Requirement | Margin
SA Antenna Polarization (ppm) (ppm) (ppm)
1  LHCP 01| 38 |
RHCP 2.07 3.9 1.83 |
, kP 127 | 263
I RHCP i 1.997; o 3.91
Notes:

1. Due to required test approach, measurement data includes frequency accuracy
errors due to TDRS-H, the Ka-band test equipment and TDRSS ground
terminal equipment.

Observation:

. TDRS-H frequency accuracy is within the required limit.

Table 7. On-Orbit TDRS-H Ka-Band Return Service Frequency Accuracy
Measurement Data

Service Configuration Performance'” Requirement Margin
Channel SA Antenna Polarization (ppm) (ppm) (ppm)
) LHCP 012 | 3.78 |
225 MHZ L',, N S HHCP 1'§§.—_- 2'2?,,- -
2 LHCP 0.13 : 3.77
. | RHCP 1.58 3.9 | 232
; . LHcP 013 ! 377
650 MHz LHCP 1.77 2.13
= - e b
2 [ LHCP 002 . | 38 |
Notes:
1. Due to required test approach, measurement data includes frequency accuracy errors due to TDRS-
| H, the Ka-band test equipment and TDRSS ground terminal equipment.. ]
Observation:
TDRS-H frequency accuracy is within the required limit.

2.5 Channel Magnitude Response

TDRS-H forward and return service magnitude response measurement data was collected during
on-orbit testing. Figures 5 and 6 provide the magnitude response of the SA #1 225 MHz channel
and the SA #2 225 MHz channel, respectively. Figure 7 provides the magnitude response of the
650 MHz channel. The measured end-to-end TDRS-H magnitude response plots include the
effects of the Ka-band test equipment and the TDRSS ground terminal equipment.



Figure 5. On-Orbit TDRS-H Magnitude
Response for the SA #1 225 MHz Channel

Figure 6. On-Orbit TDRS-H Magnitude
Response for the SA #2 225 MHz Channel
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Figure 7. On-Orbit TDRS-H Magnitude Response for the 650 MHz Channel
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3.0 End-to-End Service Bit-Error-Rate Data

As a final phase of the TDRS-H on-orbit testing, end-to-end Ka-band service testing was performed
using ground-based test equipment to emulate the Ka-band customer. Figure 8 provides the
measured BER versus Ey/N, curve at a data rate of 300 Mbps using the 225 MHz channel. It should
be noted that BER test data was collected under rainy conditions, therefore, the BER performance
curves shown in Figure 8 include some additional atmospheric losses experienced on the test
transmitter-to-TDRS-H link that on-orbit users will not experience.

Figure 8. TDRS-H 300 Mb/sec BER Performance Using the Ka-Band 225 MHz Channel
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4.0 Conclusion

This paper summarizes the results of the TDRS-H Ka-band communications payload on-orbit
performance verification and end-to-end service characterization. The pointing calibration and
performance verification of the 15-foot Single Access high gain antennas operating at Ka-band
were successfully accomplished with the Ka-band test terminal. Furthermore, the TDRS-H
measured EIRP and G/T at the 150° West longitude orbital test location fully comply with NASA
specifications. The measured BER performance is also acceptable taking in consideration the WSC
equipment implementation loss, uncertainties associated with the Ka-Band atmospheric loss, and
antenna pointing limitations of the test terminal. Through a combination of test and analysis, it has
been determined that TDRS-H fully meets and exceeds its specified Ka-band performance and is
ready to provide service to Ka-band customers.
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